Lymph node metastases in cancer patients are associated with tumor aggressiveness, poorer prognoses, and the recommendation for systemic therapy. Whether cancer cells in lymph nodes can seed distant metastases has been a subject of considerable debate. We studied mice implanted with cancer cells (mammary carcinoma, squamous cell carcinoma, or melanoma) expressing the photoconvertible protein Dendra2. This technology allowed us to selectively photoconvert metastatic cells in the lymph node and trace their fate. We found that a fraction of these cells invaded lymph node blood vessels, entered the blood circulation, and colonized the lung. Thus, in mouse models, lymph node metastases can be a source of cancer cells for distant metastases. Whether this mode of dissemination occurs in cancer patients remains to be determined.
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Lymph node metastases in cancer patients are associated with tumor aggressiveness, poorer prognoses, and the recommendation for systemic therapy. Whether cancer cells in lymph nodes can seed distant metastases has been a subject of considerable debate. We studied mice implanted with cancer cells (mammary carcinoma, squamous cell carcinoma, or melanoma) expressing the photoconvertible protein Dendra2. This technology allowed us to selectively photoconvert metastatic cells in the lymph node and trace their fate. We found that a fraction of these cells invaded lymph node blood vessels, entered the blood circulation, and colonized the lung. Thus, in mouse models, lymph node metastases can be a source of cancer cells for distant metastases. Whether this mode of dissemination occurs in cancer patients remains to be determined.
S
olid tumor progression is characterized by metastasis to regional lymph nodes and dissemination to distant organs. The presence of lymph node disease in cancer patients correlates with a poorer prognosis and partially dictates the course of treatment (1) (2) (3) (4) (5) . However, there is a robust ongoing debate about the role of lymph node metastasis in further progression of disease (6, 7) . Some experts contend that localized lymph node metastases are clinically inconsequential (8, 9) , whereas others contend that lymph node metastases have the potential to seed distant organs (5, (10) (11) (12) and therefore should be treated to prevent distant metastasis (13, 14) . This debate has taken on new urgency with the recent completion of clinical trials that suggest that nodal dissection beyond the sentinel (first) lymph node does not provide therapeutic benefit to patients who have received adjuvant radiation therapy and systemic therapies (15) (16) (17) (18) (19) . Other data show that radiation therapy of regional lymph nodes improves the outcome of patients with early stage breast cancer (20, 21) , suggesting that treatment of metastatic lymph nodes benefits a subgroup of patients (22, 23) .
In this study, we used mouse models to investigate whether cancer cells can exit the lymph node and disseminate to distant sites. We stably expressed the photoconvertible fluorescent protein Dendra2 (cytosolic localization) or Dendra2 fused to the nuclear protein histone H2B (Dendra2H2B nuclear localization) in 4T1 murine mammary cancer cells (a model of triplenegative breast cancer), B16F10 murine melanoma cells, and SCCVII murine squamous cell carcinoma cells. Dendra2 is a green-emitting fluorescent protein that can be converted to emit red light by exposure to 405-nm light (24) . Expression of Dendra2 in these cell lines did not affect cell migration, proliferation rates, or in vivo tumor growth when compared with parental lines ( fig. S1 ). We orthotopically implanted tumor cells into syngeneic mice and resected the primary tumor once it reached a volume of~250 to 500 mm 3 . Next, we used a 405-nm laser diode on 5 consecutive days to convert Dendra2H2B cancer cells from green to red fluorescence, restricting the light exposure to the metastatic lymph node (Fig. 1A) . Tissue clearing of the resected primary tumor revealed that no cancer cells at the primary site underwent spontaneous photoconversion ( fig. S2 ). The in vivo photoconversion efficiency in the lymph node was 70% for 4T1 cells, 62% for B16F10 cells, and 56% for SCCVII cells ( fig. S3 ).
We next determined whether photoconverted circulating tumor cells (CTCs) appeared in the blood of animals that had undergone photoconversion of the lymph node. The presence of red fluorescent CTCs would show that these cells originated from lymph node metastases. We identified red photoconverted 4T1 CTCs and B16F10 CTCs (Fig. 1, B and C, and fig. S4 , A and B) that disseminated from the lymph node. CTCs from 4T1-Dendra2 and 4T1-Dendra2H2B lymph node metastasis were grown in vitro to confirm viability. Both viable red (lymph node origin) and green fluorescent CTCs were observed after 1 day in culture. By day 7, only green colonies formed, as red fluorescence is lost as the photoconverted cells divide ( fig. S4C ). These data show that viable cancer cells from the lymph node have the potential to exit the node and survive in the blood. We did not detect photoconverted SCCVII CTCs (Fig. 1B and fig. S4D ), although our methods could detect these cancer cells when photoconverted in vitro ( fig. S5A ) and in the lymph node of SCCVII tumor-bearing animals ( fig. S5B ).
To explore whether cancer cells in lymph nodes can seed distant organs, we analyzed the lungs of mice after photoconversion of their lymph node metastasis. Confocal microscopy revealed the presence of isolated photoconverted (red) cancer cells in the lungs of animals with 4T1 (Fig. 2 , A and B) and B16F10 cancers (Fig. 2, C and D) . Among the isolated cancer cells detected in the lung, 70% of 4T1 cells and 68% B16F10 cells were of lymph node origin (Fig. 2 , B and D). We performed a spectral scan from 426 to 661 nm with a 5-nm bandwidth ( fig. S6 ), which showed distinct signals for DAPI (4′,6-diamidino-2-phenylindole) (emission maximum: 450 nm), native Dendra2H2B (emission maximum: 507 nm), and photoconverted Dendra2H2B (emission maximum: 572 nm) (24) in lung sections, with no detectable signal at other wavelengths. These data demonstrate the specificity of our detection methods to identify lung metastasis of lymph node origin. We did not detect cancer cells in the lungs of SCCVII-bearing mice.
We next evaluated whether the primary tumor can also seed the lung directly without transiting the lymph node. By photoconverting 4T1-Dendra2H2B primary tumors only ( fig. S7A ), before their dissemination to the draining lymph node ( fig. S7B ), we detected photoconverted CTCs (fig. S7C) in whole blood from these animals, which could only have originated from the primary tumor. Next, we prophylactically excised the sentinel lymph nodes from BALB/c mice (fig. S8) before injecting 4T1-DendraH2B cancer cells into the mammary fat pad (MFP). Two weeks after primary tumor resection, we detected CTCs and lung metastases in the absence of lymph nodes. However, animals with intact lymph nodes had higher numbers of CTCs and lung metastases compared with animals with lymph nodes removed ( fig. S8 ). Taken together, these data show that cancer cells from the primary site can directly enter the systemic circulation and seed the lung.
We then examined whether both routes of metastasis-transit via the lymph node or transit directly from the primary tumor-can contribute to distant metastatic lesions. To this end, we injected Dendra2-expressing (green fluorescent protein) 4T1 cancer cells directly in the axillary lymph node ( fig. S9A ). On the contralateral side, the lymph node was removed 1 week before injection of mCherry-expressing (red fluorescent protein) 4T1 cancer cells into the MFP (Fig. 2E  and fig. S9B ). Ten days after resecting both the tumor-bearing lymph node and the MFP tumor, we detected both red and green lung metastases ( Fig. 2F ; H&E staining in fig. S9C ). We measured a large variation in the ratio of green:red metastatic lung lesions across multiple animals (average ratio of eight green:five red metastatic lesions) (Fig. 2G ). Despite this large variation, every animal had lung metastases that originated from both lymph node lesions and directly from the primary tumor.
Cancer cells could take two possible routes to exit the lymph node and spread systemicallythrough lymph node blood vessels or efferent lymph. We hypothesized that cancer cells can escape the lymph node by directly invading lymph node blood vessels. Immunohistochemical analysis of 4T1 tumor-draining lymph nodes revealed isolated cancer cells (cytokeratin positive) in close association with CD31-positive blood vessels, within high endothelial venules and breaching the vascular basement membrane (collagen IV positive) (Fig. 3A) . In metastatic lymph nodes with only isolated cancer cells ( fig.   S10A ), quantitative analysis showed that 23 ± 2% of isolated cancer cells were within 5 mm of a blood vessel, compared with only 11 ± 1% of cancer cells in a model of randomly distributed cells in the lymph node (Fig. 3 , B and C, P < 0.05). Further, 6 ± 2% of the cancer cells were inside blood vessels ( Fig. 3D and fig. S10B ). A similar analysis performed in lymph nodes containing larger metastatic lesions (>200 mm in diameter, fig. S11A ) did not show this tropism (fig. S11B, P > 0.05). As metastatic lesions grow, the surface area of the blood vessels becomes limiting, causing the distribution of cancer cells to revert to that of a random distribution. This phenotype is consistent with the lack of sprouting angiogenesis in lymph node metastases (25) . In lymph nodes with large lesions, 1 ± 0.5% of cancer cells were found in blood vessels (Fig. 3D) . A similar analysis did not show an association between cancer cells and lymphatic vessels in tumor-draining lymph nodes ( fig. S12 , P > 0.05).
We also analyzed lymph nodes with large metastatic lesions from 19 patients with head and neck cancer. Similar to large lesions in mouse lymph nodes, cancer cells in human lymph nodes did not demonstrate measurable tropism to blood vessels, owing to the limitation in vessel surface area. However, at the edge of the metastatic lesions, we found cancer cells that were closely associated with blood vessels (fig. S13 ). In addition, we detected isolated cancer cells inside blood vessels in 6 of the 19 patient samples ( fig.  S13) , consistent with our preclinical data.
To confirm that metastatic cancer cells in a lymph node have an affinity for lymph node blood vessels, we used time-lapse multiphoton intravital microscopy to measure cancer cell migration in an optical lymph node window in mice (25) . Dendra2-expressing metastatic cancer cells are first seen in the subcapsular sinus and later invade the cortex of the lymph node. There, they accumulate around rhodamine-dextran-labeled Pereira blood vessels (Fig. 4, A to C, and fig. S14 ) or associate with lymph node conduits, which contain a fibrillar collagen core surrounded by fibroblastic reticular cells (FRCs) (Fig. 4D ). Cancer cells can be observed in directed migration toward blood vessels as well as moving inside blood vessels (movies S1 to S3 and Fig. 4E ). Time-lapse imaging of tumor-draining lymph nodes revealed that only a small fraction of cancer cells in the lesion are motile. Both 4T1 and SCCVII cells that were motile had an average speed of 7 mm/hour (Fig. 4F) , similar to the speed of resident lymph node stromal cells such as FRCs, follicular dendritic cells, macrophages, and resident dendritic cells (26) . However, a greater fraction of 4T1 cells were motile compared with SCCVII cells (Fig. 4G) . Consistent with our observations in tissue sections (Fig. 3F) , cancer cells create persistent associations with blood vessels (Fig. 4 , B and C) as well as conduits (Fig. 4D ). The conduit system is an interconnected collagen network formed by FRCs that creates pathways for dendritic cells to navigate through the lymph node to interact with naïve lymphocytes near high endothelial venules (27) . We speculate that, similar to dendritic cells, cancer cells use the conduit system to aid in their migration to lymph node blood vessels.
The Dendra2 system has limitations. First, the photoconversion of the green Dendra2 protein to red fluorescence can be detected for only 5 to 6 days before the cells appear green again. Second, the photoconversion efficiency of Dendra2H2B in the lymph node was~60 to 70% in our tumor models. Thus, in mice that underwent photoconversion of metastatic cancer cells in the lymph node, green-Dendra2H2B-expressing cancer cells in the blood or lungs could have multiple sources, including the primary tumor directly, unconverted cancer cells in the lymph node, or photoconverted cancer cells in the lymph node that lost their red fluorescence with cell division. These limitations prevent us from accurately assessing what percentage of distant metastases originates from lymph node metastases.
The absence of detectable photoconverted CTCs and lung metastasis in the SCCVII cancer model reflects the variability in the aggressiveness of cancer models in mice. We do not expect the selected mouse cell lines to represent the variability present in patient populations. Further, cancer cells alter their phenotype in response to local microenvironments as they spread to metastatic sites. We measured changes in the expression of chemokines-signaling molecules that regulate cell homing and migration-as cancer cells spread from the primary tumor to the lymph nodes and lungs ( fig. S15 ). These data may provide clues as to how cancer cells can navigate from one metastatic site to another.
The route of cancer cell dissemination to distant sites in patients is complex and highly debated, in part because of limited clinical and experimental evidence. However, animal studies have linked large lymph node metastases to distant metastases (28) . Further, studies using patient lymph node samples, human mammary carcinoma cells, and xenograft tumors in immunedeficient mice have shown that cancer cells can invade lymphatic vessels in the sentinel lymph node and spread to additional nodes (29) . Several clinical studies have also shown a relationship between the number of involved axillary lymph nodes and a higher risk for distant recurrence in breast cancer patients (13, 30, 31) . Genetic studies examining the clonal relationships between cancer cells in the primary site, lymph nodes, and distant organs have shown that distant metastases are more closely related to lymph node metastases than to primary tumors in a subset of mice and patients (32, 33) . Our mouse studies validate these data by directly showing Pereira that lymph node metastases can be a source of cancer cells for distant metastases. Our data are similar to results obtained independently by Brown et al., using different methodologies in mouse models (34) . Additionally, we have revealed that lymph node metastases can disseminate by invading lymph node blood vessels rather than by transiting through efferent lymphatic vessels. Further studies are needed to determine whether dissemination of cancer cells from lymph nodes is a feature of human cancer and, if so, whether it should be a factor in treatment decisions.
